Abstract. Indian hedgehog protein (Ihh) is evolutionarily conserved and serves important roles in controlling the differentiation of progenitor cells into osteoblasts. Ihh null mutant mice exhibit a failure of osteoblast development in endochondral bone. Although studies have demonstrated that Ihh signaling is a potent local factor that regulates osteoblast differentiation, the specific transcription factors that determine osteoblast differentiation remain unclear. Further studies are required to determine the precise mechanism through which Ihh regulates osteoblast differentiation. In the present study, Ihh was knocked down in osteoblast MC3T3-E1 cells using short hairpin RNA, to investigate the function of Ihh in osteoblast proliferation and differentiation and to examine the potential mechanism through which Ihh induces osteoblast apoptosis and cell cycle arrest. It was observed that the knockdown of Ihh induced a marked inhibition of cell growth and increased the apoptosis rate compared with the negative control osteoblasts. Downregulation of Ihh resulted in a cell cycle arrest at the G1 to S phase boundary in osteoblasts. In addition, the knockdown of Ihh decreased the alkaline phosphatase activity and mineral deposition of osteoblasts. The inhibitory roles of Ihh downregulation in osteoblast growth and differentiation may be associated with the transforming growth factor-β/mothers against decapentaplegic homolog and tumor necrosis factor receptor superfamily member 11B/tumor necrosis factor ligand superfamily member 11 signaling pathways. Manipulating either Ihh expression or its signaling components may be of benefit for the treatment of skeletal diseases.
Introduction
The hedgehog (Hh) genes, including Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert hedgehog are evolutionarily conserved and serve important roles in controlling the differentiation of progenitor cells into either osteoblasts or chondrocytes (1) . Dysfunction of Hh signaling leads to disruption of bone development and homeostasis (2) .
Osteoblasts originate from pluripotent mesenchymal stem cells. The most important function of osteoblasts is to form mineralized bones. Osteoblasts express various phenotypic markers, including high alkaline phosphatase (ALP) activity, and synthesize collagenous and noncollagenous bone matrix proteins, including osteocalcin (OCN) (3) . Osteoblasts express receptors for various hormones, including parathyroid hormone-related protein (PTHrP), runt-related transcription factor 2 (RUNX2) and tumor necrosis factor ligand superfamily member 11 (RANKL), which are involved in the regulation of osteoblast differentiation (4, 5) .
It has been suggested that Ihh may induce adjacent perichondrial cells to differentiate into bone-forming osteoblasts (6) . Ihh null mutant mice exhibited a failure of osteoblast development in endochondral bones (7) . Ihh overexpression increased ALP activity and the level of OCN mRNA expression in MC3T3-E1 cells (8). In addition, recombinant Shh synergistically stimulated bone morphogenetic protein-induced ALP activity and the expression level of OCN mRNA in C3H10T1/2 cells (9) . Although various studies have demonstrated that Hh signaling is a potent local factor that regulates osteoblast differentiation, the specific transcription factors that determine osteoblast differentiation remain unclear. Further studies are required to determine the precise mechanism through which Ihh regulates osteoblast differentiation.
In the present study, Ihh was knocked down in osteoblast MC3T3-E1 cells using short hairpin (sh)RNA, in order to investigate the function of Ihh in osteoblast proliferation and differentiation and to examine the potential mechanism through which Ihh may induce osteoblast apoptosis and cell cycle arrest. Knockdown of Ihh in cells was achieved by infection with a lentivirus containing Ihh shRNA sequences (Ihh-shRNA; Shanghai GenePharma Co., Ltd., Shanghai, China). Cells transfected with empty lentivirus were used as the negative control (NC), and untreated cells were used as the blank control. Cells (5x10 5 cells/ml) were plated in 6-well clusters (1 ml) or 96-well plates (0.2 ml) and transfected with lentivirus (10 8 U/ml) for 48 h by using Lipofectamine 3000 (Thermo Fisher Scientific, Inc.). Transfected cells were used in further assays or RNA/protein extraction.
Materials and methods

Cell
RNA extraction and SYBR green reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) was used to reverse transcribe the mRNA to cDNA according to the manufacturer's protocol. The mRNA expression of Ihh, PTHrP, transforming growth factor (TGF)-β, OCN, RUNX2, tumor necrosis factor receptor superfamily member 11B (OPG), mothers against decapentaplegic homolog (Smad)2, Smad3, collagen α-1 (X) chain (COL10A) and RANKL mRNA expression was measured using a SYBR Green qPCR assay (Takara Biotechnology Co., Ltd., Dalian, China) under the following conditions: 95˚C for 
Cell Counting Kit-8 (CCK-8) cell proliferation assay.
Cell proliferation rates were measured using a CCK-8 assay (Beyotime Institute of Biotechnology, Haimen, China). A total of 0.5x10 4 cells/well were seeded into a 96-well plate for 24 h, transfected with the indicated lentiviruses, and further incubated for 24, 48 and 72 h, respectively. A total of 10 µl CCK-8 reagents were added to each well at 1 h prior to the endpoint of incubation. The optical density at 490 nm for each well was determined using a microplate reader. Cell cycle analysis. Cell cycle analysis was performed using flow cytometry. A total of 1x10 4 cells were seeded into each well of a 6-well plate. Following 48 h of transfection with Ihh-shRNA or empty lentivirus, the cells were harvested and fixed in 70% ice-cold ethanol for 24 h, followed by staining with propidium iodide at 37˚C for 15 min. The different phases of the cell cycle were analyzed using a FACSCalibur instrument (BD Biosciences) FCS Express 6 software.
Flow cytometric analysis of apoptosis with
ALP assay. An ALP Assay kit (Beyotime Institute of Biotechnology) was used to detect ALP activity, according to the manufacturer's protocol. The positive signals were stained with black CoS. Cells were counterstained with nuclear fast red at room temperature for 5 min to label the nucleus and cytoplasm of cells. Images were obtained using an inverted microscope (Nikon Eclipse TC 100; Nikon Corporation, Tokyo, Japan) at x100 magnification.
Determination of mineralization using von Kossa staining.
Von Kossa staining (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to determine the extent of minerals deposited on osteoblast cells. Silver nitrate solution (0.5%) was added onto the cells and the plate was exposed to ultraviolet light for 30 min. Subsequently, the cells were washed with saline and the reaction was stopped with the addition of 500 µl 5% sodium thiosulfate (Sigma-Aldrich; Merck KGaA). Positive mineral depositions were stained in black. Cells were counterstained with nuclear fast red at room temperature for 5 min to label the nucleus and cytoplasm of cells. Images were obtained using an inverted microscope (Nikon Eclipse TC 100) at x100 magnification.
Western blot analysis. Immunoblotting was performed to detect the expression of Ihh, PTHrP, TGF-β, OCN, RUNX2, OPG, Smad2, Smad3, COL10A and RANKL in chondrocyte cells. Cultured or transfected cells were lysed in radioimmunoprecipitation assay buffer (Boster Biological Technology, Pleasanton, CA, USA) with 1% phenylmethylsulfonyl fluoride. The concentration of protein was determined using a BCA Protein Assay kit (cat. no. P0011, Beyotime Institute of Biotechnology) according to the manufacturer's protocol. Protein (60 µg) was loaded onto a 12% SDS-PAGE minigel and transferred onto a polyvinylidene fluoride membrane. The membranes were blocked in 10% non-fat milk for 2 h at 37˚C. Following probing with primary antibodies (anti-Ihh, cat. no. SAB1403965, dilution, 1:1,000; anti-PTHrP, cat. no. SAB5300029, dilution, 1:1,000; anti-TGF-β, cat. no. SAB4502958, dilution, 1:2,000 and anti-OCN, cat. no. SAB1306277, dilution, 1:2,000 from Sigma Aldrich; Merck KGaA; anti-RUNX2, cat. no. 12556, dilution, 1:1,000; anti-OPG, cat. no. 4816, dilution, 1:1,000; anti-Smad2, cat. no. 5339, dilution, 1:1,000 and anti-Smad3, cat. no. 9523, dilution, 1:1,000 from Cell Signaling Technology, Inc., Danvers, MA, USA; anti-COL10A, cat. no. ab58632, dilution, 1:1,000; anti-RANKL, cat. no. ab9957, dilution, 1:1,000 and anti-GAPDH, cat. no. ab9485, dilution, 1:3,000 from Abcam, Cambridge, UK) at 4˚C overnight, the blots were subsequently incubated with horseradish peroxidase-conjugated secondary antibody (cat. nos. ab7090 and ab97040; 1:5,000, Abcam) for 1 h at 37˚C. Signals were visualized using enhanced chemiluminescence substrates (EMD Millipore, Billerica, MA, USA). GAPDH was used as an endogenous protein for normalization. The densitometry of bands was analyzed using Quantity One software (version 4.6.9; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. All data from three independent experiments are expressed as the mean ± standard deviation and were processed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). The difference among the groups was determined using Student's t-test or one-way analysis of variance with Tukey's post hoc test, depending on the conditions. P<0.05 was considered to indicate a statistically significant difference.
Results
Knockdown of Ihh inhibits osteoblast cell proliferation, induces apoptosis and arrests the cell cycle at the G1 to S phase.
In order to investigate the biological role of Ihh in osteoblast cell growth, osteoblast MC3T3-E1 cells transfected with lentivirus containing Ihh shRNA were used for further analysis (Fig. 1A) . The results of the present study demonstrated that the decreased expression of Ihh induced a significant inhibition of cell growth and markedly increased the apoptosis rate, compared with the NC group (Figs. 1B and 2A ). In addition, the knockdown of Ihh significantly decreased the percentage of cells in the S phase, while increasing the percentage in the G1 phase, indicating a cell cycle arrest at G1 to S phase (Fig. 2B) .
Knockdown of Ihh suppresses osteoblast cell differentiation.
ALP is an enzyme which serves a role in bone mineralization. ALP activity was determined in the present study. Compared with the NC group, the ALP activity was decreased in chondrocytes with knocked-down Ihh (Fig. 3A) . Calcification and mineralization of the bone matrix is essential for the strength and rigidity of the spinal skeletal system. In order to estimate the degree of mineralization and calcification, von Kossa staining following Ihh knockdown was performed. Representative images of von Kossa staining were obtained by brightfield microscopy, as presented in Fig. 3B . Compared with the NC group, the mineral deposition of osteoblasts lacking Ihh was decreased.
Effects of Ihh on TGF-β/Smad and OPG/RANKL signaling.
The present study further determined the effects of Ihh on TGF-β/Smad and OPG/RANKL signaling, which is associated with bone differentiation and generation. As exhibited in Fig. 4 , the mRNA expression of COL10A, RANKL, Smad2 and Smad3 was significantly upregulated, although the levels of OCN, OPG, PTHrP, RUNX2 and TGF-β were significantly decreased, following knockdown of Ihh in osteoblast cells. The protein expression of these genes was analyzed using western blotting. As presented in Fig. 5 , the protein expression of COL10A, RANKL, Smad2 and Smad3 was significantly upregulated, while the levels of OCN, OPG, PTHrP, RUNX2 and TGF-β were significantly decreased, following knockdown of Ihh in osteoblast cells. The results of the present study suggested that the inhibitory effects of Ihh knockdown on bone differentiation and generation are associated with the TGF-β/Smad and OPG/RANKL signaling pathways.
Discussion
In the present study, it was observed that the knockdown of Ihh induced a significant inhibition of cell growth and markedly increased the apoptosis rate, compared with the NC group, in osteoblasts. Downregulation of Ihh resulted in a cell cycle arrest at the G1 to S phase in osteoblasts. In addition, knockdown of Ihh decreased the ALP activity and mineral deposition in osteoblasts. The inhibitory roles of Ihh downregulation in osteoblast growth and differentiation may be associated with the TGF-β/Smad and OPG/RANKL signaling pathways.
Various hormones and factors, including Hh proteins and transcription factors, regulate osteoblast differentiation. Ihh is an essential transcription factor for osteoblast differentiation and bone formation, which acts by interacting with bone morphogenetic proteins (11) . Osteoblast MC3T3-E1 cells expressing Ihh exhibited increased ALP activity, which was synergistically enhanced by bone morphogenetic protein-2, indicating that Hh proteins directly act on osteogenic precursor cells and osteoblasts to stimulate osteogenic differentiation (12) . The removal of smoothened homolog, which triggers Hh signaling, from perichondrial cells prevents the formation of a normal bone collar and abolishes the development of the primary spongiosa (13,14) . Ihh knockdown results in markedly .05 vs. NC. COL10A, collagen α-1 (X) chain; RANKL, tumor necrosis factor ligand superfamily member 11; Smad, mothers against decapentaplegic homolog; OCN, osteocalcin; OPG, tumor necrosis factor receptor superfamily member 11B; PTHrP, parathyroid hormone-related protein; RUNX2, runt-related transcription factor 2; TGF-β, transforming growth factor-β; Ihh, Indian hedgehog protein; shRNA, short hairpin RNA; NC, negative control.
foreshortened limbs and a complete absence of mature osteoblasts, and acts as an important positive regulator of cranial bone ossification (15) . Ectopic Ihh promotes the progression of the bone collar towards the epiphysis, and Hh signaling is found to be required in BMP-induced osteogenesis in cultures of a limb-bud cell line, suggesting that Ihh signaling is directly required for the osteoblast lineage in the developing long bones and that Ihh functions in conjunction with other factors such as BMPs to induce osteoblast differentiation (14) . In addition, Hh proteins promote osteoblast recruitment and differentiation, possibly by stimulating PTHrP expression and secretion (16) . RUNX2 is a transcription factor which is required for osteoblast differentiation. RUNX2 overexpression has been demonstrated to stimulate chondrocyte maturation, as indicated by increases in ALP activity, mineralization, and COL10A and matrix metalloproteinase-13 expression, and by maintenance of Ihh expression, whereas PTHrP treatment blocked RUNX2 expression and its promaturation effects (17) . However, forced expression of RUNX2 in skeletogenic cells restores bone formation in the Runx2-null, although not in the Ihh-null, embryo, indicating that in addition to Runx2, Ihh requires other effectors to induce osteoblast differentiation, including zinc finger proteins Gli2 and Gli3 (8, 18, 19) . Wnt signaling acts downstream of Ihh signaling and is required in osteoblast maturation during endochondral bone formation; to enhance fracture repair or bone formation, Ihh signaling requires enhancement at the early stages by controlling osteoblast proliferation and differentiation, whereas Wnt signaling may be upregulated later in differentiated osteoblasts (1, 20) . Notably, osteoblast differentiation and bone formation may occur in conditions of specific ablation of Ihh in the limb mesenchyme (2, 21) .
In the present study, it was observed that the mRNA and protein expression of osteoblastic and osteocytic markers, including COL10A, RANKL, Smad2 and Smad3 was notably upregulated, while the levels of OCN, OPG, PTHrP, RUNX2 and TGF-β were significantly decreased following knockdown of Ihh in osteoblasts. TGF-β signaling exerts important roles in embryonic skeletal development and postnatal bone homeostasis, by transducing signals in the canonical Smad-dependent signaling pathway to regulate mesenchymal stem cell differentiation during skeletal development, bone formation and bone homeostasis (22) . The coordinated activity of RUNX2 and TGF-β-activated Smad proteins is important for the formation of the skeleton (23) . Knockout or mutation of TGF-β signaling-associated genes in mice leads to bone abnormalities of varying severity (24) . For example, AlCl3 has been demonstrated to inhibit osteoblast mineralization via the TGF-β1/Smad signaling pathway in rat osteoblasts (25) .
In conclusion, the knockdown of Ihh suppressed osteoblast growth and differentiation via a mechanism which may be associated with the TGF-β/Smad and OPG/RANKL signaling pathways. The results of the present study suggested that osteoblast-derived Ihh is essential for maintaining the growth plate. The manipulation of Ihh expression or its signaling components may be of benefit in the treatment of skeletal diseases.
